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Abstract: District heating networks are considered as convenient systems to supply heat to consumers
while reducing CO2 emissions and increasing renewable energies use. However, to make them as
profitable as possible, they have to be developed, operated and sized carefully. In order to cope with
these objectives, simulation tools are required to analyze several configuration schemes and control
methods. Indeed, the most common problems are heat losses, the electric pump consumption and the
peak heat demand while ensuring the comfort of the users. In this contribution, a dynamic simulation
model of all the components of the network is described. It is dedicated to assess some energetic,
environmental and economic indicators. Finally, the methodology is used on an existing application
test case namely the district heating network of the University of Liège to study the pump control
and minimize the district heating network heat losses.
Keywords: district heating network; dynamic modeling; CHP plant; modelica
1. Introduction
Nowadays the domestic hot water and the domestic spacing heating count towards approximately
20% of the total energy consumption in the European Union [1,2]. This part is extended to 31% if the
ones of industrial and tertiary buildings are considered [3]. This thermal energy (more than 300 Mtoe)
mainly comes from fossil fuels, 66 %, and only 13% from renewable ones. On another hand, about 1%
of the total energy consumption is dedicated to the cooling of buildings (all fields).
From an environmental point of view, this energy consumption produces wide CO2 and pollutant
emissions. These emissions are harmful for the environment (e.g., increase of the world temperature,
eutrophication of grounds, etc.) and for humanity. Indeed, the World Health Organization estimates
that 5% of the world population die each year due to outside air pollution, mainly due to energy use
(e.g., particles, NOx emissions, etc.) [4].
Therefore, energy systems with high energy efficiency and low pollutant emissions have to be
developed and widely used to avoid these issues. The European Union has proposed several energy
directives, supported by academia [5], to encourage the use of a district heating network (DHN) [6]
and their related limitations [7], renewable sources and combined heat and power plant; in particular,
the EU estimates that 50% of its heating and cooling demand should be fed by DHN in 2050 [8].
Fourth generation district heating networks, widely described in [9], are one of the future energetic
transition solutions as they combine low energy building, high conversion energy systems and smart
energy generation. However, the European building stock is quite old—about 40% of the buildings
stock was built before 1960 and 45% was built between 1961–1990 [10]. On the other hand, the new
building construction rate is quite limited (about 0.5% in Belgium for example [11] and less than
0.7% for EU28 [12]). This leads to a reduced penetration of new low energy buildings and the related
fourth generation of the district heating network. Moreover, the energetic performance of the current
buildings stock is quite limited [12]. Thenceforth, other major topics of the energetic transition are to
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improve the building envelope of current buildings to reduce the heat demand [13] and to improve the
heating systems to supply them [14]. This contribution tends to propose a methodology compatible
with all generations of DHN to perform integration and retrofit studies to improve the current building
stock heating.
The focus of this study is performed on DHN given they are an efficient way to supply heat to
buildings [15,16], especially if they are fed by renewable energy systems capable of reducing CO2
emissions [17]. Therefore, retrofit studies of current neighborhoods or towns should be a part of
the energetic transition as well as a retrofit of existing DHN. Indeed, a lot of existing DHN are high
temperature DHN (For example, more than 40% of the DHN-delivered heat is from high temperature
DHN (>120 °C) in France [18]) leading to high heat losses.
To perform these studies, simulations and planning tools are required to consider the integration
of renewable energy systems and assess their efficiency and influence into the environment while
ensuring comfort into buildings. Indeed the heat transport can reach some hours in large DHN due to
the reduced speed of the fluid carrier, typically one or two meters per second to limit the electric pump
consumption [19–22]. Therefore, dynamic simulation tools are also required, while optimizing the
operation of existing DHN through dedicated optimized control strategies [23–25], which is considered
as a future challenge to improve DHN [9].
Previous works intended to assess the energy, economic and environmental performances of a
DHN fed by a biomass CHP plant [26] and to study with some scenario improvements [27]. However
these works were based on existing heat demand curves to assess global system performance, i.e., only
the heating plant was really studied. In this contribution, an extension of these works is proposed to
consider the dynamic behavior of DHN and assess the heat demand of consumers while ensuring their
comfort. The developed tools are also able to study complex control strategies and renewable sources
integration as wind turbines or solar energy systems whose generated heat and power fluctuate more
by nature. In this contribution, the control strategy of heat generation is the only solution which is
considered.
On the other hand, some professional software is available on the market as Bentley [28],
Modelon [29] or Schneider Electric [30] software. However they are dedicated to the optimization
of the DHN itself (temperature and electric pump consumption) without considering the part load
performance of heating systems such as the CHP plant, the plant subsidies, the comfort inside the
buildings or the CO2 and pollutant emissions.
The current contribution is intended to present the methodology used to assess the
dynamic global system performance. An open-source programming platform is selected and used,
namely Modelica [31], to propose a validated tool for plant owners or for communities considering a
DHN as a heating system. Moreover, several existing open-source libraries are available to simulate a
lot of DHN and building configurations to make the developed tool as generic as possible. Finally, the
developed tool can be used as a decision tool for design or retrofit of such installations as it takes into
consideration energy, environmental and cost approaches.
The considered tool is applied to an existing DHN fed by natural gas boilers and biomass CHP
plant of the University of Liège. The study of a control strategy is performed to optimize the electric
pump consumption while keeping the DHN heat losses at a reasonable level and ensuring the comfort
of DHN users.
2. Problem Statement
A district heating network can be seen as the combination of three main components. Basically, it
is composed of heat sources, renewable or not, where energy is produced or recovered from processes;
sinks, namely buildings; and a network piping that transports energy from one to the other. To size or
retrofit a district heating network, several characteristics of each component are required to assess the
DHN performances correctly. For example, heat losses due to a determined DHN insulation involve a
related overall heat demand; the heat demand profile of the buildings connected to a DHN involves a
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minimal thermal power of heating installation systems (and so investment costs). Despite some of
these characteristics being found in the literature, in this contribution, they are assessed by several
models described later to capture a more precise performance of the system and its dynamic behavior
to ensure the users’ comfort.
The present research focuses on the dynamic modeling of heat sources and related piping systems.
The heat demands of consumers are assessed by internal simulations performed. In order to assess
the technical solutions investigated, it is proposed to define several indicators. For this purpose,
the economic, energy, environmental and exergy approaches are considered.
The energy approach consists of an assessment of the energy conversion efficiency of an energy
system. It is used to quantify the primary energy requirements of a process and the related costs.
The environmental one is dedicated to assessing the influence of the process use on the environment.
Despite the fact that a lot of environmental criteria are available in Life Cycle Analyses, such as
the use and the eutrophication of land and ozone layer depletion, only the CO2 and the restricted
pollutant emissions will be considered in this contribution. The economic approach is generally the
main criterion for the choice of a technical solution. Therefore, several costs have to be considered.
Investments, maintenance and operation costs are used to assess the total energy produced cost of
a system. Reliable information about generic costs of domestic and industrial energy systems are
respectively available in [32,33], while energy costs are available in [34]. However, the proposed tool
in this contribution is able to assess precisely the energy costs of a defined scenario case in order to
improve them by studying some other, alternative scenarios.
On the other hand, the energetic approach, based on the first law of the thermodynamics, is often
misleading in ranking energy systems as it does not always provide an indicator how the process is near the
optimality [35]. For example, a heat generation system uses, generally, high-grade energy i.e., electricity
or fuel in a combustion process which reaches 1500 °C [36] to produce low-grade energy such as hot
water at 55 °C [37]. In this case, the energy conversion of this combustion process is currently close to
one but the quality of the energy is widely degraded. The exergy analysis, which is detailed in the
following section, is able to rank energy systems because it is based on the first and the second laws of
thermodynamics and states that despite the energy cannot be created or destroyed, its quality can be
degraded up to an equilibrium state with the surroundings. Moreover, this analysis is able to point
out the parts of the energy process which degrade the available exergy in order to improve them too.
Therefore, in a sustainable global energy use, the exergy approach completes the energy approach.
Previously, some works [26,27,36,38] were performed to assess the performance of district heating
systems based on all these approaches. However, they are based on the pseudo-dynamic behavior
of the DHN. This involves some limitations while the heat transport delay inside the DHN was not
considered, and so the related comfort could not be ensured, especially when the production systems
can vary widely as it is the case with the use of renewable energy systems such as thermal solar systems.
On the other hand, control strategies, such as heat demand peaks optimization [25], require dynamic
modeling to ensure comfort inside the buildings. So, the current work is a dynamic extension of these
previous works, able to consider all these features.
In this contribution, a retrofit of an existing system is studied dynamically. Previously,
experimental data measured on the considered DHN show that the difference temperature between
the supply and the return line is quite reduced. This behavior leads to a high pumping work and
related electric consumption. So, it is proposed to consider a control strategy to minimize the electric
pump consumption while ensuring the user’s comfort inside the buildings fed by the DHN which is
not currently ensured.
3. Modeling Methods
As discussed previously, three main parts compose a DHN, namely, the production plant, the pipes
and the consumers. This section is dedicated to the presentation of the different modeling methods used
to assess the performance of these parts based on the indicators required to rank these energy systems.
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3.1. Energy Approach
To assess the production system’s energetic performance, unidimensional thermodynamic
models were previously implemented and validated on an application test case [26]. In this model,
each subsystem of the energy system is modeled by zero-dimensional components where the relation
between the input and output satisfies energy, mass and momentum balances. This modeling method
is generic while geometric or specific characteristics can be used as input of the model: heat exchangers
geometry; steam turbine, fan or pump characteristics, etc. Thus, energy conversion efficiency can be
assessed during the whole year, considering off-design ambient conditions and part load operation
of the plant. The heat systems off-design behavior is important to assess the annual mean system
efficiency and to provide reliable estimates for energy and cost predictions.
For example, the studied CHP plant, detailed in the application test case section, is composed of
steam turbines, heat exchangers and a boiler and is dedicated to produce heat and power. Pel,chp and
Pth,chp represent respectively the net electrical power and heat generated by the CHP plant. Pprim,chp
denotes the primary energy used to generate Pel,chp and Pth,chp. The electrical and thermal efficiency
are defined respectively as:
ηel,chp =
Pel,chp
Pprim,chp
and ηth,chp =
Pth,chp
Pprim,chp
(1)
The total CHP efficiency is defined as ηchp = ηel,chp + ηth,chp. The assessed performance of this
plant is available in Figure 1.
Figure 1. Combined Heat and power plant plant performance in function of the thermal output of the
plant (validated on experimental data).
This methodology could be extended to each kind of thermodynamic system, renewable or not,
to integrate them into the developed tool as it has already been performed for a heat pump in [27] or
through a new dynamic simulation of boilers from [39]. In this case, the pseudo-dynamic approach is
considered, i.e., the assessment for each time step of the performance of the system based on steady
state performances (Figure 1 shows the studied CHP plant steady-state performances in function of
the thermal load supplied to the DHN).
Indeed, the heat demand for a DHN can vary widely during the year (as depicted in Figure 2) as
a function of the users’ habit or climatic conditions. However, these changes generally occur slowly
and the corresponding supply heat is limited due to technical constraints. For example, the control
valves have mechanical inertia or the control system limits the temperature variation of the DHN to
avoid too large an expansion of the material constituting the pipes. Therefore, this pseudo-dynamic
modeling can be suitable for the developed tool.
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Figure 2. Hourly consumption of the studied District Heating Network in 2014.
As previously discussed, the heat transport modeling is required to assess the behavior of the heat
transport inside a DHN. Indeed the temperature level reached a building has to be beyond a threshold
to ensure the comfort inside the building connected to the DHN. Due to the heat transport delay
induced by the large distance of piping network and reduced fluid velocity, the dynamic behavior has
to be correctly assessed.
The heat transport modeling is based on a plug flow model to assess its dynamic behavior [40,41].
It is derived from the Lagrangian approach [42], i.e., the properties of each fluid particle are considered
along their direction as a function of time, considering the energy balance in each cell with its
environment [42]. It is assumed that the fluid carrier is incompressible, which is valid if water is
considered and for low pressure variations [43]. This method was previously analyzed, developed [44]
and validated under Matlab for different operating conditions and pipe layouts [45], but it has now
been successfully ported to Modelica [46] and the related open-source Modelica library is available
in [47].
To assess the delay time between the entry and the exit of a fluid parcel inside the pipe,
the following equation is solved:
∂z(y, t)
∂t
+ v(t)
∂z(y, t)
∂y
= 0 (2)
where z(y, t) is the transported quantity, y is the normalized spatial coordinate, t is the time, and v(t)
the normalized velocity. An approximation of the one-way wave equation was successfully introduced
with the spatialDistribution() operator defined in the Modelica Language Specification [48].
This model considers the heat transport, thermal inertia of the pipes and the related heat losses.
Heat losses are assessed through a global heat transfer coefficient. The assessment of this
coefficient is based on a bi-dimensional steady state heat transfer model, which considers the insulation,
geometry and buried layout of the pipes [26].
A thermal capacity is added to the core pipe model at the outlet of the pipe to account for the
thermal inertia of the pipe constituting material as [49].
The hydraulic behavior is assessed by a previously developed model denoted HydraulicDiameter
of the Annex 60 Library [50]. In this case, the pressure drop is coupled to the mass flow rate using a
quadratic relation.
An interested reader could refer to [46] for further details.
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3.2. Environmental Approach
To complete the analysis from an environmental point of view, a detailed combustion model
was previously performed [36] and validated on several fuels and boiler sizes to assess the CO2 and
regulated pollutant emissions of biomass combustion such as NOx and SOx. The developed model
considers chemical reaction kinetics coupled to a zero-dimensional, steady-state thermodynamic
model. The fuel as biomass could be specified as a general model CmHnOxNySz, where the subscripts
are the ratio between the wet basis mass fraction of each component and its molar mass. The model is
also able to consider natural gas as fuel under the form CmHnOxNyHez.
The assessed combustion products produced in the exhaust gas are 15 chemical species (H2,
O2, H2O, CO, CO2, OH, H, O, N2, N, NO, NO2, CH4, SO2, SO3). While the NOx emissions at the
equilibrium were overestimated [51], a complementary chemical analysis is performed to lead to a
corrected thermal NOx formation calculation with the assessment of the fraction of the fuel nitrogen,
which is converted into NOx [52].
The emphasis of the model on the NOx emissions is performed to assess if the operator plant
requires the use of a de NOx fuel system leading to extra investments and operational costs, which are
required for the economic indicator.
If other energy sources (electricity or heavy fuel) are used or if the energy conversion process is
currently not known, CO2 emissions factor can also be retrieved from literature (see Table 1 for the
combustion process reference CO2 emissions in Belgium and for electricity consumption).
Table 1. CO2 emissions energy based.
Electricity Natural Gas Gasoil Wood
Energy based [g/kWh] 456 [53] 251 [54] 306 [54] 42 [55]
3.3. Economic Indicator
One of the most critical and decisive criteria for the development of energy systems (DHN or
CHP plant for example) is the cost of the energy.
The cost model per unit of thermal energy used herein is derived similarly to the one defined for
electricity in [56]. According to this model, the cost of heat is expressed as:
COH =
1
ξDHN
C · ψ+ U f ixPi,th,chp · τe︸ ︷︷ ︸
Fixed cost
+
y f
ηth,chp
+ uvar︸ ︷︷ ︸
Variable cost
− (yel + τcvycv)
ηel,chp
ηth,chp︸ ︷︷ ︸
Elec. selling price
 (3)
where C is the total investment cost and ψ is the annuity factor, which takes into account for the present
value of money and represents the annual repayment for the initial investment expressed in year−1.
The annuity factor is defined as:
ψ =
d
1− (1 + d)−N (4)
where d is the discounting rate per year and N the number of years for which the installation is
used (e.g., the life time of the plant). Pi,th,chp is the installed thermal power of the CHP plant in MW
and τe is the equivalent utilization time at rated power output. τe embeds the availability factor of
the plant (around 92% for a biomass CHP plant [56]). y f is the cost of fuel in €/MWh, U f ix is the
fixed cost of operation, maintenance and administration in €/year and uvar is the variable cost of
operation, maintenance and repair in €/MWh. ηth,chp is the average annual thermal efficiency defined
similarly to ηth,chp yet taking into account the start/stop procedures (if any) and the part load efficiency.
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These efficiencies are assessed by the thermodynamic modeling described previously. yel is the price of
electricity in €/MWh while τcv and ycv are, respectively, the number of green certificates per MWh of
electricity produced (For the Walloon region of Belgium one green certificate is granted for every 456 kg
of CO2 saving. A maximum of two green certificates are allowed per MWh of electricity produced.)
and the unit price of green certificate. The term τcvycv is replaced by the premium on the electricity
selling when feed-in tariffs are used instead. ξDHN is defined as the ratio of the heat delivered to the
consumers to the heat produced by the plant depending on the temperature level, the insulation of the
network and the ambient conditions.
A reliable estimate of C, U f ix, uvar, d and N can be found, for example, in [32,33,56]. Neither the
influence of fuel cost y f nor the one of the supporting policies τcvycv will be long discussed herein and
representative value of the market in Belgium will be used, as it is relatively straightforward for the
reader to include his proper data into the above model.
3.4. Exergy Analysis
The use of energy refers generally to the first law of thermodynamics which states that energy
is stored in every device and process and can neither be consumed nor destroyed; it can only be
transformed [57]. As it was discussed previously, this concept is “inadequate for depicting some important
aspects of energy resource utilization” [57] as energy system performance. The exergy indicates the
maximum work potential of a system under determined conditions. There are no conventions widely
accepted to define the exergy concept but in the present study, the exergy analysis proposed by [58] is
used. Exergy (Ex) expressed in J/kg is defined as:
Ex = (H − H0)− (T0 + 273.15) ∗ (S − S0) (5)
where H stands for the enthalpy [J/kg], S for the entropy [J/kg/K], T for the temperature [°C] and
the subscript 0 the reference or ’dead’ state. In this study, this reference state is defined as the daily
temperature of a location with a pressure of 1 atmosphere. For the fuel exergy calculations, the air
studied has a relative humidity of 70% [59] and a composition defined according to [60].
This complementary analysis can be useful to point out the design problem of current energy
systems or the parts of these systems where the exergy is destroyed to optimize the available exergy [61].
An example of this analysis is performed in [62] to study a CHP plant. In this case, the pressure level
of an extraction turbine was identified as too high, leading to exergy degradation and related energy
efficiency drop.
3.5. Heat Demand Profile
The head demand of consumers can be assessed by experimental data, building performance
energy reports or dedicated modeling libraries. In this contribution, internal reports performed to
assess the building performance are used. These heat demand profiles are derived as a function of
occupancy profile depending on each building to assess the dynamic consumption of each building.
A typical heat consumption profile for two studied buildings is available in Figure 3.
For other building topologies, the internal Modelica library can be used [63] (It should be available
into the Thermocycle Library [64] soon.) or a more generic library as [65]. To go one step further,
these libraries can be modified to take into account specific dynamic behavior as those appearing in a
condensing boiler [66] as a function of the control strategy.
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Figure 3. Typical heat consumption profile for a building composed of classrooms (a) and another
dedicated to offices (b). The considered time step is half a hour.
4. Application Test Case
The application test case studied is the DHN of the University of Liège (The interested reader can
refer to [26] for the detailed configuration of the DHN and the heating plant). It is fed by a biomass
CHP plant of a nominal thermal power of 7 MW dedicated to the base heat demand and natural gas
back-up boilers (50 MW) to complete it. The nominal power generation of this CHP plant is 2.4 MW.
The total length of the DHN is 10 km and the fluid carrier is pressurized (12 bar) hot water at a mean
temperature of 120 °C. About 70 buildings (classroom, office rooms, administrative office, a sport
center and a hospital) are connected to the DHN for a normalized annual heat demand of 61 GWh
and represents a heated area of 470,000 m2 whose a quarter is dedicated to the hospital. A typical heat
demand curve is available in Figure 2. During the summer time (between May and October), only the
hospital and the sport center (swimming pool) are fed by the DHN. The relative high temperature of
the fluid carrier is due to the use of steam by the hospital for his kitchen and its humidification system.
The DHN is assumed to be composed of 23 sections. They are insulated with mineral wool with
an identified thermal conductivity of 0.047 W/m/K. The corresponding heat transfer global coefficient
is assessed to 0.9 W/K per meter of duct containing the pipes of the DHN. The DHN has operated since
the sixties and it is divided into three main pipe networks whose one ensures the hospital back-up and
is usually not used. Each main pipe network is fed by pumps whose efficiency in function of the mass
flow rate is available in Figure 4a, blue line. Due to specificities of the DHN which are not within the
scope of the present contribution, only one main pipe network optimization will be considered in this
study. This pipe network works continuously throughout the year while it feeds the hospital and the
sport center.
However, the pumps were over sized. Indeed, the mass flow rate of the pipe network is frequently
under 200 t/h (over half a year, Figure 4b) while the nominal mass flow rate reaches about 1000 t/h.
The corresponding mass involves that the pump works at an efficiency lower than 45%. On the other
hand, the temperature difference between the supply and the return pipe is quite reduced (about 13 °C)
while a common temperature difference tends to 30 °C to minimize electric pump work and the DHN
heat losses as advised by [19,20,67]. This reduced temperature difference is due to inadequate control
strategies of the power injected into the DHN, leading to too high a mass flow rate. On the other
hand, some discomfort currently occur in buildings due to too low a supply temperature reaching the
furthest buildings from the heating plant. That is why it is proposed to investigate an optimal control
strategy to increase the temperature difference while minimizing the mass flow rate, the related pump
work and ensuring the building comfort.
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(a) (b)
Figure 4. Pump characteristics. (a) Pump efficiency as a function of mass flow rate; and (b) frequency
distribution of the pump use in function of the mass flow rate (based on one year).
To perform economic calculations, the cost of electricity is considered at 112 € per MWh [34],
while the cost of heat identified by the energy and cost modeling for the considered system is about
65 € per MWh [26].
A schematic diagram of the application test case performed under Modelica is available in Figure 5.
Figure 5. Schematic diagram of one network of the University of Liège DHN under Dymola platform.
5. Results and Discussion
5.1. Improved Control Strategy
The proposed strategy is based on keeping a temperature difference in each substation located
in the building as close as 25 °C by using dedicated control valves. T-Thermocouples are placed in
sleeves in the supply and return pipes connected to the heat exchanger of the substation located
in the building. The thermocouples are Class 1 and their related error is 0.5 °C. An electronic
proportional–integral–derivative controller is used to control the valve to regulate the flow rate
to get the temperature difference set-point. A complementary constraint is that the minimal return
temperature is 80 °C to keep the performances of the emissions heating system (radiators) inside the
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building to guarantee the users’ comfort. However, the current minimal temperature can decrease up
to 60 °C due to control strategy issues involving users’ discomfort (a typical winter day is illustrated in
Figure 6, blue curve). With the proposed strategy, the temperature is more constant and does not go
below the set-point (Figure 6, orange curve). The bumps which are present in the current controlled
temperature come from a too high supply temperature. Indeed, the return temperature cannot be
decreased below 25 °C under the supply temperature. When the supply temperature difference
set-point is higher than 105 °C, the return temperature is higher than 80 °C.
Figure 6. Supply temperature of a studied building with (modeling) and without control strategy
(experimental data).
The improved control strategy leads to a reduced pump electric consumption (−30%, Figure 7)
due to a higher temperature difference in the DHN and a reduced mass flow rate correspond to an
annual economy of about 9.4 k€. From an environmental point of view, this involves a CO2 emissions
reduction of about 70 tons per year. On the other hand, the temperature difference being maximized,
the annual mean temperature of the network is lower. It involves reduced DHN heat losses (−7%,
Figure 7) and an extra economy of about 14 k€.
Figure 7. Pump electric consumption and DHN heat losses of the case study and improved control strategy.
5.2. Pump Replacement
To extend the present contribution, it is proposed to consider a pump replacement. Indeed these
pumps are quite old. Moreover, they were over sized, leading to a reduced efficiency as depicted
previously in Figure 4a,b. To be conservative and without considering higher pump efficiency,
the efficiency curve is just kept and shifted with a nominal mass flow rate of 500 t/h instead of
Energies 2017, 10, 2027 11 of 14
1000 t/h (grey circles on Figure 4a). The corresponding DHN heat losses are the same as in the
previous section.
The use of a new pump involves an annual economy of about 18 k€, compared to the current
case, and 19.5 k€, if the control strategy is used in addition to the pump replacement, according to the
energy consumption of the pump (Figure 8). The corresponding annual CO2 emissions savings are of
72 and 111 tons, respectively. The slight economic performance of this last scenario (replacement of the
pump with optimized control strategy) is due to the large electric consumption reduction resulting
of a higher average annual efficiency of the pump. Therefore, a simple retrofit of the current pump
systems could be economically profitable.
Figure 8. Pump electric consumption.
The aims of the dynamic approach are not disrupted by these last results as it is necessary to
assess the cost of heat to consider the heat losses economy and to further develop complex control
strategies for DHN.
6. Conclusions and Perspectives
District heating networks are considered as a convenient way to supply buildings while reducing
CO2 emissions and introducing renewable energies into the current energy production mix. However,
to optimize the profitability of new DHN or perform a retrofit of current DHN installations, some
modeling tools are required to investigate several scenario and assess what is the best option. To achieve
this, models were developed to assess the behavior and the energetic, economic and environmental
performances of the production plant, the pipes of the DHN and the consumers.
In this contribution, all the models previously developed and validated are implemented into one
open-source language, Modelica, to assess the dynamic behavior of such a system. To illustrate the
usefulness of the method, an application test case is selected to study an improved control strategy
dedicated to reducing the electric pump work while minimizing the DHN heat losses and ensuring
the users’ comfort inside the building.
The use of an improved control strategy leads to a significant reduction of the electric consumption
of the pump by about 30%. As expected, the heat losses are reduced (−7%) while the average annual
temperature of the DHN is lower due to the higher temperature difference. Another solution to reduce
the electric pump consumption is to replace the current over sized pump with a new one. All these
results involve CO2 emissions savings (from 70 to 111 tons per year). Moreover the users’ comfort,
which was not previously satisfied, is ensured by this control strategy.
Therefore this contribution has shown that the developed open tool is able to perform a simple or
more complex retrofit of DHN installations while ensuring the comfort inside connected buildings and
assessing useful indicators to rank the considered scenario.
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For perspective, other complex control strategies could be investigated, especially the heat storage
inside the network itself, to reduce the peak heat demand due to the night setback for example [23].
On the other hand, the integration of solar thermal systems will be considered to study the use of the
network as a heat storage facility during the summer time, while reducing the CHP plant use and its
related emissions.
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The following abbreviations are used in this manuscript:
CHP Combined heat and power
DHN District heating network
References
1. Eurostat. Eurostat—Simplified Energy Balances—Annual Data; Eurostat: Luxembourg, 2017.
2. European Commission. EU: Heating and Cooling; European Commission: Brussels, Belgium, 2016.
3. European Commission. Heating and Cooling—Facts and Figures; Technical Report; European Commission: Brussels,
Belgium, 2017.
4. World Health Organization. WHO Releases Country Estimates on Air Pollution Exposure and Health Impact;
World Health Organization: Geneva, Switzerland, 2016.
5. Persson, U.; Möller, B.; Werner, S. Heat roadmap Europe: Identifying strategic heat synergy regions.
Energy Policy 2014, 74, 663–681.
6. Lund, H.; Moller, B.; Mathiesen, B.V.; Dyrelund, A. The role of district heating in future renewable energy
systems. Energy 2010, 35, 1381–1390.
7. Gabillet, P. Energy supply and urban planning projects: Analysing tensions around district heating provision
in a French eco-district. Energy Policy 2015, 78, 189–197.
8. European Commission. Communication from the Commission to the European Parliament, the Council, the
European Economic and Social Committee and the Committee of the Regions on an EU Strategy for Heating and
Cooling; Technical Report; European Commission: Brussels, Belgium, 2016.
9. Lund, H.; Werner, S.; Wiltshire, R.; Svendsen, S.; Thorsen, J.E.; Hvelplund, F.; Mathiesen, B.V. 4th Generation
District Heating (4GDH). Energy 2014, 68, 1–11.
10. Buildings Performance Institute Europ. Europe’s Buildings under the Microscope—A Country-By-Country Review
of the Energy Performance of Buildings; Buildings Performance Institute Europ: Bruxelles, Belgium, 2011.
11. FPS Economy. Chiffres Clés—Aperçu Statistique de la Belgique; Technical Report; FPS Economy: Brussels,
Belgium, 2015.
12. European Commission. EU Buildings Database; European Commission: Brussels, Belgium, 2017.
13. Tuominen, P.; Klobut, K.; Tolman, A.; Adjei, A.; De Best-Waldhober, M. Energy savings potential in buildings
and overcoming market barriers in member states of the European Union. Energy Build. 2012, 51, 48–55.
14. Klobut, K.; Tuominen, P. Energy savings potential in the building stock of nine member states of European
Union. In Proceedings of the 10th REHVA World Congress ’Sustainable Energy Use in Buildings’, Antalya,
Turkey, 9–12 May 2010.
15. Rezaie, B.; Rosen, M.A. District heating and cooling: Review of technology and potential enhancements.
Appl. Energy 2012, 93, 2–10.
16. Wissner, M. Regulation of district-heating systems. Util. Policy 2014, 31, 63–73.
17. Varun; Bhat, I.K.; Ravi, P. LCA of renewable energy for electricity generation systems—A review.
Renew. Sustain. Energy Rev. 2009, 13, 1067–1073.
18. Syndicat National de Chauffage Urbain. Enquête Nationale sur les Réseaux de Chaleur et de Froid—Restitution
des Statistiques Portant sur l’année—Restitution des Statistiques sur les Données 2015; Technical Report; SCNU:
Paris, France, 2016.
Energies 2017, 10, 2027 13 of 14
19. Woods, P. Heat Networks: Code of Pratice for the UK. Available online: http://www.cibse.org/getmedia/
d7aa563b-7c39-42fc-a42b-319abca615ed/CP1-Launch-presentations (accessed on 23 November 2017).
20. Energiteknologisk Udviklings-og Demonstration Program. Guidelines for Low-Temperature District Heating;
Technical Report; EUDP: Esbjerg, Denmark, 2014.
21. Ljubenko, A.; Poredos, A.; Morosuk, T.; Tsatsaronis, G. Performance analysis of a district heating system.
Energies 2013, 6, 1298–1313.
22. Gabrielaitiene, I.; Bøhm, B.; Sunden, B. Evaluation of approaches for modeling temperature wave
propagation in district heating pipelines. Heat Transf. Eng. 2008, 29, 45–56.
23. Basciotti, D.; Judex, F.; Pol, O.; Schmidt, R. Sensible heat storage in district heating networks: A novel control
strategy using the network as storage. In Proceedings of the IRES 6th International Renewable Energy
Storage Conference and Exhibition, Berlin, Germany, 28–30 November 2011.
24. Gadd, H.; Werner, S. Achieving low return temperatures from district heating substations. Appl. Energy
2014, 136, 59–67.
25. Basciotti, D.; Schmidt, R. Demand side management in district heating networks: Simulation case study on
load shifting. Euroheat Power 2013, 10, 43–46.
26. Sartor, K.; Quoilin, S.; Dewallef, P. Simulation and optimization of a CHP biomass plant and district heating
network. Appl. Energy 2014, 130, 474–483.
27. Sartor, K.; Lemort, V.; Dewallef, P. Improved district heating network operation by the integration of high
temperature heat pumps. Int. J. Sustain. Energy 2017, doi:10.1080/14786451.2017.1383409.
28. Bentley: Advancing Infrastructure. Available online: http://www.bentley.com (accessed on 30 November 2017).
29. Modelon. Energy & Process—District Heating, 2017. Available online: http://www.modelon.com (accessed
on 30 November 2017).
30. Schneider Electric. Termis District Energy Optimization Software. Available online: http://software.
schneider-electric.com/products/termis/ (accessed on 30 November 2017).
31. Elmqvist, H.; Mattsson, S.E. Modelica—The next generation modeling language an international design
effort. In Proceedings of the WCSS ’97: First World Congress on Systems Simulation: Second Joint Conference
of Internationsl Simulation Societies, Singapore, 1–4 September 1997; pp. 1–5.
32. Danish Energy Agency. Technology Data for Energy Plants—Generation of Electricity and District Heating, Energy
Storage and Energy Carrier Generation and Conversion; Danish Energy Agency: Kobenhavn, Denmark, 2012.
33. Danish Energy Agency. Technology Data for Energy Plants—Individual Heating Plants and Energy Transport;
Technical Report; Danish Energy Agency: Kobenhavn, Denmark, 2012.
34. Eurostat. Detailed Statistics on the EU and Candidate Countries, and Various Statistical Publications for Sale;
Eurostat: Luxembourg, 2017.
35. Dincer, I.; Rosen, M. Exergy Analysis of Renewable Energy Systems; Elsevier Ltd.: Amsterdam, The Netherlands,
2013; pp. 193–259.
36. Sartor, K.; Restivo, Y.; Ngendakumana, P.; Dewallef, P. Prediction of SOx and NOx emissions from a medium
size biomass boiler. Biomass Bioenergy 2014, 65, 91–100.
37. Brebbia, C.A.; Marinov, A.M.; Mammoli, A.A.; Safta, C.A. Energy and Sustainability IV; WIT Transactions on
Ecology and the Environment; Computational Mechanics; WIT Press: Billerica, MA, USA, 2013.
38. Sartor, K.; Dewallef, P. Optimized integration of heat storage into district heating networks fed by a biomass
chp plant. Energy Procedia 2017, 135, 317–326.
39. Satyavada, H.; Baldi, S. A novel modelling approach for condensing boilers based on hybrid dynamical
systems. Machines 2016, 4, 10.
40. Dahm, J. District Heating Pipelines in the Ground—Simulation Model; Technical Report; Department of Building
Services Engineering, Chalmers University of Technology: Göteborg, Sweden, 2001.
41. Massachusetts Institute of Technology. TRNSYS 17 Manual—Volume 4—Mathematical Reference; MIT: Cambridge,
MA, USA, 2009.
42. Bennett, A. Lagrangian Fluid Dynamics; Cambridge Monographs on Mechanics; Cambridge University Press:
Cambridge, UK, 2006.
43. Hoffman, J.; Johnson, C. Computational Turbulent Incompressible Flow. Available online: http://www.csc.
kth.se/~jhoffman/pub/v4.pdf (accessed on 23 November 2017).
Energies 2017, 10, 2027 14 of 14
44. Sartor, K.; Thomas, D.; Dewallef, P. A comparative study for simulating heat transport in large district heating
networks. In Proceedings of the Ecos 2015 28th International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, Pau, France, 29 June–3 July 2015; pp. 1–12.
45. Sartor, K.; Dewalef, P. Experimental validation of heat transport modelling in district heating network.
Energy 2017, 137, 961–968.
46. Van der Heijde, B.; Fuchs, M.; Ribas Tugores, C.; Schweiger, G.; Sartor, K.; Basciotti, D.; Müller, D.;
Nytsch-Geusen, C.; Wetter, M.; Helsen, L. Dynamic equation-based thermo-hydraulic pipe model for
district heating and cooling systems. Energy Convers. Manag. 2017, 151, 158–169.
47. International Energy Agency. IEA EBC Annex 60; IEA: Paris, France, 2017.
48. Modelica Association. Modelica®—A Unified Object-Oriented Language for Systems Modeling Language
Specification; Technical Report; Modelica Association: Bielefeld, Germany, July 2014.
49. Bennonysson, A. Dynamic Modelling and Operation Optimization of District Heating Systems. Ph.D. Thesis,
Technical University of Denmark (DTU), Lyngby, Denmark, 1991.
50. Wetter, M.; Fuchs, M.; Grozman, P.; Helsen, L.; Jorissen, F.; Lauster, M. IEA EBC ANNEX 60 Modelica
library—An international collaboration to develop a free opensource model library for buildings and
community energy systems. In Proceedings of the International Building Performance Simulation
Association, Hyderabad, India, 7–9 December 2015; pp. 395–402.
51. Flagan, R.C.; Seindeld, J.H. Fundamentals of Air Pollution Engineering; Prentice Hall: Upper Saddle River, NJ,
USA, 2012.
52. Vermeulen, I.; Block, C.; Vandecasteele, C. Estimation of fuel-nitrogen oxide emissions from the element
composition of the solid or waste fuel. Fuel 2012, 94, 75–80.
53. Walloon Region, Les émissions de polluants liée à la consommation énergétique. 2007. Available online:
http://www.energieplus-lesite.be/index.php?id=15568 (accessed on 30 November 2017).
54. Commission Wallonne Pour l’Energie, Emissions Reference. Available online: http://www.cwape.be
(accessed on 30 November 2017).
55. ADEME. Base Carbone v11; Technical Report; ADEME: Angers, France, 2014.
56. Rolf, B.; Henrik, N.; Judy, W. Combined—Cycle Gas & Steam Turbine Power Plants; PennWell Books: Houston,
TX, USA, 1999.
57. Moran, M.J.; Shapiro, H.N. Fundamentals of Engineering Thermodynamics; Wiley: Hoboken, NJ, USA, 2009.
58. Kotas, T.J. Exergy Concepts for Thermal Plants. Int. J. Heat Fluid Flow 1980, 2, 105-114.
59. Szargut, J.; Morris, D.R.; Steward, F.R. Exergy Analysis of Thermal, Chemical, and Metallurgical Processes;
Hemisphere Publishing Corporation: New York, NY, USA, 1988.
60. Ertesvåg, I.S. Sensitivity of chemical exergy for atmospheric gases and gaseous fuels to variations in ambient
conditions. Energy Convers. Manag. 2007, 48, 1983–1995.
61. Gong, M.; Werner, S. Mapping energy and exergy flows of district heating in Sweden. Energy Procedia 2016,
116, 119–127.
62. Sartor, K.; Dewallef, P. Exergetic, Environmental and Economical Analysis of a Cogeneration Plant Connected to a
District Heating Network; Sayigh, A., Ed.; Springer: Cham, Vietnam, 2016; pp. 961–972.
63. Ransy, F.; Gendebien, S.; Lemort, V. Description of a Modelica-based thermal building model integrating
multi-zone airflows calculation. In Proceedings of the CLIMA 2016 12th REHVA World Congress Proceedings
& Presentations Now Available, Aalborg, Denmark, 22–25 May 2016.
64. Quoilin, S.; Desideri, A.; Wronski, J.; Bell, I.; Lemort, V. ThermoCycle: A modelica library for the simulation
of thermodynamic systems. In Proceedings of the 10th International Modelica Conference, Lund, Sweden,
10–12 March 2014.
65. Wetter, M.; Zuo, W.; Nouidui, T.S.; Pang, X. Modelica Buildings library. J. Build. Perform. Simul. 2014, 7, 253–270.
66. Verhelst, C.; Logist, F.; Van Impe, J.; Helsen, L. Study of the optimal control problem formulation for
modulating air-to-water heat pumps connected to a residential floor heating system. Energy Build. 2012, 45,
43–53.
67. Danfoss. The Heating Book 8 Steps—Control of Heating Systems; Danfoss: Nordborg, Denmark. 2017.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
